Background/Aims: Serum procalcitonin (PCT) is elevated in acute liver failure (ALF), but the expression of PCT in the liver has not been elucidated. We aimed to clarify the regulation of hepatic PCT expression and the cell sources in ALF. Methods: Human monocytic leukemia line U937 cells were treated with 12-O-tetradecanoylphorbol-l3-acetate (PMA) (100 ng/ mL) for 24 h to induce activated macrophages. In the presence of lipopolysaccharide (LPS, 1 μg/mL), activated macrophages and human hepatocyte line L02 cells were incubated with LPS or co-cultured for 0, 2, 6, and 24 h. In an in vivo experiment, male C57BL/6 mice were challenged with intraperitoneal LPS/D-galactosamine (LPS/D-GalN). Serum liver enzymes alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were measured using an automatic chemical analyzer. Inflammatory mediators were measured by real-time PCR and liver histology was examined by hematoxylin-eosin (HE) staining and immunohistochemistry (IHC). Results: LPS induced the upregulation of PCT mRNA in U937-activated macrophages but not in L02 cells. When co-cultured with L02 cells, the expression of PCT mRNA of activated macrophages was upregulated compared to controls; however, the activated macrophages did not induce the expression of PCT mRNA in L02 cells in the presence of LPS. Moreover, serum liver enzymes (ALT, AST), inflammation, necrosis, and hepatic expression of PCT were significantly elevated in the LPS/D-GalN-challenged ALF mouse model. IHC revealed that PCT expression was co-localized with hepatic macrophages. Conclusions: Hepatic PCT expression is upregulated in ALF. Hepatic macrophages but not hepatocytes are the cell source of hepatic PCT expression.
Introduction
Procalcitonin (PCT) is a 116-amino-acid precursor of the hormone calcitonin with a molecular weight of 13 kDa and a half-life in the circulation of 25 to 30 hours [1] . Under physiological conditions, PCT is expressed in the C cells of the thyroid and is not secreted into the circulation. In the 1990s, its association with sepsis was identified and since then PCT has become a diagnostic marker of systemic bacterial infection and is a deciding factor for antibiotic therapy [2] . PCT concentrations are elevated in serum in sepsis and PCT mRNA can be found in multiple tissues throughout the body [3] [4] [5] . Some research has shown that the liver expresses high levels of PCT mRNA in septic animals [3, 6] . Moreover, the almost complete loss of the plasma PCT response during severe systemic inflammation in an anhepatic baboon is a reminder that the liver plays an important role in PCT secretion [7] . Acute liver failure (ALF) is a rapidly progressive and severe clinical syndrome that can induce dysfunction and failure in multiple organs [8] . It has been reported that the activation of Kupffer cells in the initial phase is involved in some intense inflammatory responses in the pathogenesis of ALF [9] , and serum PCT is elevated in ALF patients [10] . The liver consists of parenchymal cells (hepatocytes) and nonparenchymal cells (Kupffer cells play an important role in inflammation). However, the cells that are control hepatic upregulation of PCT in ALF have not been identified. To clarify whether hepatocytes or hepatic macrophages express PCT in ALF, we used the LPS stimulation model to observe the expression of PCT mRNA in different cell lines and further identify the location of PCT in the liver in a mouse model.
Materials and Methods

U937 differentiation
Transwell inserts (Corning, catalog number 353095) were placed into 24-well plates containing 0.6 mL RPMI/FBS medium per well. U937 (ATCC) cell suspension (0.2 mL; 2 × 10 5 cells/mL) was added into the inserts (0.4 × 10 5 cells/insert). Once settled the U937 cells were treated immediately with 100 ng/mL of PMA (Sigma-Aldrich, catalog number P1585) for 24 h. U937-activated macrophages differentiated in the Transwell inserts after 24 h in PMA. New 24-well plates were prepared by adding 0.6 mL of fresh RPMI/FBS media. The PMA-containing medium was then gently aspirated from the inserts.
Co-culture L02 cells were obtained from FDCC (Shanghai, China). All cells were cultured at 37 °C with 5% CO2 in DMEM supplemented with 10% FBS, 100 U/mL penicillin, and 100 U/mL streptomycin. L02 cell suspension (1 mL; 2 × 10 5 /mL) was pre-plated into 24-well plates for 24 h before co-culture. The inserts with the activated U937 cells were transferred into 24-well plates containing L02 cells.
LPS stimulation
The inserts and the plates were treated with 1 µg/mL (10 µL of stock solution into 0.8 mL) lipopolysaccharide (LPS, Sigma-Aldrich, catalog number: L4391) for 0, 2, 6, and 24 h. U937-activated macrophages and L02 cells were used as reference wells.
Animals and treatments
Male C57BL/6 mice weighing 21-29 g were purchased from The Experimental Animal Center of Chinese Science Academy (Shanghai, China), and fed a standard laboratory diet and water ad libitum. Experiments were performed after acclimation for 2-3 weeks in a climate-controlled room with a 12-h light-dark cycle and were approved by the Institutional Animal Care and Use committees of Zhejiang University. Mice were challenged with D-galactosamine (D-GalN, 300 mg/kg, Sigma) and LPS (10 μg/kg, Escherichia coli, Sigma) intraperitoneally. Both D-GalN and LPS were diluted in sterile saline (vehicle). Serum ALT and AST levels, as markers of hepatic damage, were measured at baseline and at 2, 6, and 24 h after LPS/D-GalN injections using an automatic chemical analyzer 7600-100 (Hitachi, Ltd, Tokyo, Japan). Liver tissues were dissected and fixed in 4% paraformaldehyde and HE via a standard protocol to assess inflammation and necrosis and Cellular Physiology and Biochemistry
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analyzed under a microscope (Nikon ECLIPSE-TE 2000). Paraffin-embedded sections were also stained with polyclonal antibodies for TNF-α (ab6671, Abcam) and PCT (PAA689Mu01, USCN) and visualized using the DAB Substrate Kit for peroxidase (Vector Laboratories). The sections were counter-stained with methyl green solution (Sigma-Aldrich). The numbers of PCT-positive cells per 100 hepatocytes were counted in five different low-power fields.
Real-time PCR
Total RNA was isolated using Trizol Reagent (Invitrogen, Shanghai, China). The RNA concentration was determined using a NanoDrop Spectrophotometer. cDNA was generated using 0.5 μg of total RNA in a final reaction volume of 20 µL by PrimeScript™ RT reagent Kit with gDNA Eraser (Takara, Japan). Quantitative real-time PCR was performed with 7500 Fast Real-Time PCR System (Life Technologies) and SYBR® Premix Ex Taq™ II (Tli RNase H Plus) (Takara). All experiments were conducted according to the manufacturers' protocols. Reactions were started with a polymerase activation step at 95 °C for 30 s, followed by 40 cycles at 95 °C for 5 s, and 60 °C for 30 s. Fluorescence data were acquired after each cycle. The absence of nonspecific products was verified after each run by melting curve analysis. The relative gene quantities were calculated by the 2 -ΔΔCT method and compared to the expression levels of GAPDH. GAPDH primers were purchased from Sangon Biotech (B662104-0001, human; B661304-0001, mouse; Shanghai). The sequences of the other primers are listed below:
PCT ( 
Statistics
Statistical tests were performed using Graphpad Prism software. All statistical differences between the two groups were evaluated using the unpaired two-tailed Student's t test to determine the P values. All data are shown as means ± standard deviation (SD). Statistical significance was set at P < 0.05.
Results
PCT mRNA expression was upregulated in U937-activated macrophages but not in L02 cells in the presence of LPS
PMA incubation for 24 h induced the activation of U937 cells and differentiation to macrophages. U937-activated macrophages and L02 cells (a normal hepatocyte line) were stimulated by LPS (1 µg/mL) for 0, 2, 6, and 24 h. PCT mRNA was up regulated in U937 cells and U937-activated macrophages, and peaked at 6 h; however, PCT mRNA expression was undetected in LPS-stimulated L02 cells (Fig. 1) .
Co-culture with U937-activated macrophages or incubation with TNF-α did not induce PCT expression in L02 cells
A co-culture test was performed to further investigate whether the expression of PCT was activated in hepatocytes in inflammatory surroundings. The results showed that coculture with U937-activated macrophages did not induce the expression of PCT in L02 cells, although it was upregulated in co-cultured macrophages. TNF-α which is mainly produced by Kupffer cells in the liver, did not induce PCT expression in L02 cells (Fig. 2) .
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LPS/D-GalN promoted upregulation of hepatic PCT in mice
C57BL/6 mice were challenged by LPS/D-GalN (10 µg/kg, 300 mg/kg) for 0, 1, 6, and 24 h. Serum ALT and AST levels were elevated and peaked at 24 h, at which time obvious liver inflammation and necrosis were present, mainly in the portal area. Importantly, the expression of PCT mRNA was significantly upregulated in the liver, and PCT expression increased in conjunction with liver inflammation infiltration, necrosis, and the expression of TNF-α around the portal area (Fig. 3) .
Co-localization of PCT expression and macrophages but not hepatocytes in livers of LPS/D-GalN-challenged mice
PCT is a secreted protein, thus to further identify the location of hepatic PCT expression in mice, C57BL/6 mice were challenged by high doses of LPS/DGalN (100 µg/kg, 400 mg/kg) for 1h. The expression of hepatic PCT mRNA was upregulated and interestingly, hepatic PCT staining radiated through the hepatic lobule and localized in the hepatic sinusoid, which was same pattern as that shown by hepatic macrophages; there was no PCT staining in the hepatocytes (Fig. 4) .
Discussion
The liver is the largest organ in the human body and is involved in a wide range of functions including detoxification, energy metabolism, hormone production, glycogen storage, and protein synthesis. Moreover, the liver is also considered a pivotal innate immune organ responsible for the biosynthesis of 80-90% of acute phase proteins, complement components, and other secreted pattern-recognition receptors of the innate immune system. One of the acute phase proteins, PCT, is a 13-kDa secreted protein found in various organs in sepsis, including the thyroid, liver, lung, small intestine, and kidney [3, 5, 7, 11] . It is now known that serum PCT is highly upregulated after surgery and during bacterial infections, and the expression of PCT is induced by LPS and cytokines (TNF-α, IL- 
6, IL-1, IL-12). Furthermore, peripheral blood mononuclear cells (PBMCs) express PCT in the presence of LPS or various sepsis-related cytokines both in vitro and in vivo [12, 13] . Accumulating evidence suggests that serum PCT plays an important role in the diagnosis of bacterial infections [2, 14] . In contrast to its well-characterized clinical use, neither the mechanisms of PCT expression nor the cell sources have been clarified [15, 16] . Given that bacterial infection or surgical stress can result in ubiquitous and uniform expression in multiple tissues throughout the body in response to sepsis [3, [17] [18] [19] and the production of PCT was inhibited in an anhepatic baboon endotoxin shock model [7] , it appears that the liver plays a vital role in PCT expression. However, the cell types that are primarily responsible for elevated hepatic PCT levels have not been identified. Thus, we performed experiments using LPS-stimulated cells and a mouse ALF model. Our results from the in vitro experiments demonstrated that hepatocytes did not express PCT but monocytes and monocyte-activated macrophages upregulated the production of PCT in the presence of LPS or TNF-α; this is consistent with previous studies [13, 20] . Moreover, we performed a co-culture to exclude the possibility of PCT expression being activated in hepatocytes in inflammatory surroundings. Hepatocytes remained quiescent when LPSstimulated macrophages formed inflammatory surroundings; however, interestingly, the expression of PCT was further promoted in macrophages in the co-culture model compared to controls.
We used the LPS/D-GalN-induced ALF mouse model because it is based on the activation of hepatic macrophages and the secretion of cytokines and chemokines, which play an important role in inflammation and necrosis in the liver in the early stages [21, 22] . D-GalN sensitizes Kupffer cells to LPS stimulation. It was demonstrated that hepatic PCT mRNA expression was significantly upregulated, and the increase in PCT expression was co-located with liver inflammation, infiltration, and necrosis around the portal area. Although PCT is a secreted protein, we found no PCT staining in hepatocytes following high dose LPS/D-GalNchallenged ALF mice in the early stages (1 h). The expression of PCT was in the sinusoids in the liver and in a radial arrangement in the hepatic lobule consistent with the location of hepatic macrophages [23] . Hence, it was demonstrated that the expression of hepatic PCT was derived from hepatic macrophages but not hepatocytes.
The mononuclear phagocyte system plays an important role in the immune system [24, 25] , and macrophages have different names in different organs, for example, Kupffer cells in the liver, Langerhans cells in the lung, microglia in the central nervous system, and osteoclasts in bone [26] . Given that many organs have been shown to produce PCT during sepsis and surgery, it is essential to conduct further studies on the contribution made by the mononuclear phagocyte system and the degree of PCT expression. In our study, hepatic macrophages but not hepatocytes were found to be the cell source of hepatic PCT upregulation in ALF. Moreover, previous studies have shown that serum PCT is elevated in patients with ALF and ACLF [10, 27, 28] , and the liver is one of the main sources of elevated serum PCT [7, 29, 30] in sepsis and cytokine storms. Thus, further study is required to clarify the involvement of hepatic PCT-especially that expressed by hepatic macrophages-in the elevation of serum PCT.
Conclusion
In summary, our study demonstrated that hepatic PCT was upregulated in an LPS/DGalN-challenged ALF mouse model but it was not expressed by hepatocytes. Moreover, LPS and TNF-α induced the expression of PCT in monocytes and activated macrophages but not in hepatocytes in vitro, and PCT was not induced in inflammatory surroundings (cell co-culture model), Therefore, our study suggests that the acute phase protein PCT is upregulated in the liver in ALF and is derived from hepatic macrophages.
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